Abstract: This paper analyzes the use of hybrid photovoltaic/thermal (PVT) collectors in nearly zero-energy buildings (NZEBs). We present a design methodology based on the dynamic simulation of the whole energy system, which includes the building energy demand, a reversible heat pump as generator, the thermal storage, the power exchange with the grid, and both thermal and electrical energy production by solar collectors. An exhaustive search of the best equipment sizing and design is performed to minimize both the total costs and the non-renewable primary energy consumption over the system lifetime. The results show that photovoltaic/thermal technology reduces the non-renewable primary energy consumption below the nearly zero-energy threshold value, assumed as 15 kWh/(m 2 ·yr), also reducing the total costs with respect to a non-solar solution (up to 8%). As expected, several possible optimal designs exist, with an opposite trend between energy savings and total costs. In all these optimal configurations, we figure out that photovoltaic/thermal technology favors the production of electrical energy with respect to the thermal one, which mainly occurs during the summer to meet the domestic hot water requirements and lower the temperature of the collectors. Finally, we show that, for a given solar area, photovoltaic/thermal technology leads to a higher reduction of the non-renewable primary energy and to a higher production of solar thermal energy with respect to a traditional separate production employing photovoltaic (PV) modules and solar thermal (ST) collectors.
Introduction
In the last decades, new solutions are studied to reduce energy requirements in the building sector, even with the aim to reach the nearly zero-energy level. In particular, the generation system including renewable energy sources, such as solar thermal panels and photovoltaic modules, are often analyzed [1] [2] [3] [4] [5] . The point of strength of these systems, in fact, is the possibility of being coupled with thermal storages, low-temperature terminal units, and heat pumps, to address the energy requirements of the building in an efficient way. However, it is necessary to seek the optimal sizing and control strategy of the solar technologies to maximize the energy savings. Several studies have been published on this topic [6] [7] [8] , finding that the possible savings depend on the characteristics of the buildings, the profiles of energy requirements, and the characteristics of the overall system [9] .
Among the classical solutions using separate modules, more attention is now given to hybrid photovoltaic/thermal collectors, also named PVT collectors. These collectors are a promising technology, combining in a single component both photovoltaic modules and solar collectors. Their main advantages are the reliability, the low maintenance, and the clean technology [10] ; however, as they are still an
Description and Modeling of the Case Study
The chosen case study is a farm hostel in Enna, Italy. The town has a favorable solar irradiance, which is expected to result in a significant energy contribution from solar generators (PV, ST, and PVT). Besides, the energy system includes an electrically driven air-to-water heat pump, a thermal storage, with the possibility of exchanging power with the electrical grid (see Figure 1 ). Both buildings and heating, ventilation, and air-conditioning (HVAC) equipment performances are simulated over a standard year of operation through established dynamic models and an hourly time step.
The Italian Thermotechnical Committee (CTI) provides the hourly values of the typical meteorological year (TMY), in terms of temperature, relative humidity, global solar irradiance on the horizontal plane, and wind speed [18] . Monthly averaged climate data are reported in Table 1 . The chosen case study is a farm hostel in Enna, Italy. The town has a favorable solar irradiance, which is expected to result in a significant energy contribution from solar generators (PV, ST, and PVT). Besides, the energy system includes an electrically driven air-to-water heat pump, a thermal storage, with the possibility of exchanging power with the electrical grid (see Figure 1 ). Both buildings and heating, ventilation, and air-conditioning (HVAC) equipment performances are simulated over a standard year of operation through established dynamic models and an hourly time step.
The Italian Thermotechnical Committee (CTI) provides the hourly values of the typical meteorological year (TMY), in terms of temperature, relative humidity, global solar irradiance on the horizontal plane, and wind speed [18] . Monthly averaged climate data are reported in Table 1 . 
Energy Requirements of the Building
The hourly energy demands of the building are related to the heating and cooling service, domestic hot water (DHW) production, and electrical energy for lighting and other uses. The heating and cooling loads are evaluated as a function of the envelope characteristics (e.g., geometry, materials thermo-physical properties), external climate and internal set point. The main characteristics of the building envelope are reported in Appendix A.
The hourly heating and cooling loads of the building have been evaluated through the methodology reported in [19] , using the following equations: 
The hourly heating and cooling loads of the building have been evaluated through the methodology reported in [19] , using the following equations:
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where E th,H and E th,C are the hourly heating and cooling loads, respectively; P H and P C are the heating and cooling peak loads; T des,H is the design external temperature (−3 • C) for heating; T * des,C is the design sol-air external temperature (47 • C) for cooling. T * ext is the sol-air temperature, used in summer to take into account the effects of solar irradiation together with the external temperature: the sol-air temperature is evaluated as in Equation (1e), in accordance with [20] . T o f f ,H and T o f f ,C are the external and sol-air temperatures at which thermal losses and gains balance, nullifying heating and cooling demands, respectively. T ext is an effective external temperature based on the effective time shift of the building, φ, evaluated through Equation (1d) [21] . The gains due to the electrical residential equipment, E el,ou , are considered as an additional cooling load or reduction of heating requirement, using the heat gain utilization factors, η C and η H , evaluated as in EN 52016 [22] . The adopted building model represents a good trade-off between simplified models (e.g., the energy signature method [23] ) and dynamic models (e.g., TRNSYS). The former ones do not require a detailed knowledge of the building, simply employing a correlation between the external temperature and energy requirements, but results can be inaccurate; the latter ones, instead, need a significant number of inputs to provide accurate results. Moreover, they are often time-consuming, being less suitable for simulations and optimization of many interconnected components.
For the present case study, peak loads are equal to 15 kW for both heating and cooling. A typical users' profile has been chosen, with peaks in weekends and summer [24] . This profile influences the internal loads and the energy requirements for DHW and electrical energy. The corresponding energy demand for DHW is evaluated through the following equation:
where T DHW is equal to 40 • C and T aqu is equal to 16 • C. Hourly schedules of electrical energy have been also evaluated, using typical demands and profiles of hostels with rooms (where typical household appliances are used, such as personal computers, TVs, chargers) and kitchens (where fridges and induction cooking are used). More details about the building and profiles can be found in [25] and in Appendix A.
Modeling of the System
The analyzed HVAC system consists of a reversible heat pump, a thermal storage, and PVT collectors. The thermal storage is the main thermal node of the system, as it provides energy to DHW and the heating loads and is heated by the PVT collectors and by the heat pump when the solar contribution is not enough to maintain the required temperature. The latter generator also meets the cooling demand and directly heats the building, according to the control strategy discussed in detail in Section 2.2.4. As for the electrical load, the grid delivers or receives the power surplus or deficit between the PVT production and electricity demand (heat pump included). Figure 1 represents a scheme of the overall system. The heat pump is a reversible air-to-water electrically driven one, with inverter: thus, the actual thermal output can be provided by the heat pump without a significant penalization of the coefficient of performance (COP). For the evaluation of the heat pump performance, the second-law efficiency method is used, as suggested by several technical standards [26] . The methodology is based on the following equations:
where η II H and η II C represent the second-law efficiencies of the heat pump in the heating and cooling mode, respectively: According to the manufacturers' data, these values can be considered as constant at different temperatures and equal to 0.35 and 0.25 for heating and cooling modes, respectively. T RF represents the mean temperature of the radiant floor, which is used for both heating and cooling the building. The radiant floor is modeled through a simplified resistance model that takes into account the characteristics of the terminal unit and the water and surface temperatures. The floor temperature is evaluated to verify possible condensation during the cooling period: In this case, an additional electrical demand related to the use of a dehumidifier is considered to maintain the proper relative humidity inside the building. The water temperature T RF is used for the evaluation of the COP and energy efficiency ratio (EER) of the heat pump in both heating and cooling modes. For external temperatures below 2 • C, an electrical resistance (with efficiency equal to one) is supposed to be turned on to meet the heating requirements for 30 min. More details about the heat pump and radiant floor models are discussed in [25] . When the heat pump is used to heat up the thermal storage, T RF is replaced by T TS , evaluated as in Equation (4a).
Modeling of the Thermal Storage
A simplified 0-dimensional thermal storage model is considered for this analysis, reading:
In Equation (4a), V TS is the volume of the thermal storage, E TS,H and E TS,DHW are the thermal energy used for heating and for DHW loads, respectively; E TS,l are the losses of the thermal storage, evaluated through Equation (4b), depending on the insulating characteristics and the thermal storage location temperature (T ext,TS ). In this work, we assume T ext,TS as the annual mean outdoor temperature. More details about the thermal storage characteristics are reported in Appendix A.
Modeling of the PVT Collectors
PVT collectors concurrently provide electrical and thermal energy, as they consist of a photovoltaic layer placed upon a thermal collector (see Figure 2) . The temperature of the collector, T PVT , influences both the photovoltaic and thermal performances. In the modeling, we have neglected any thermal capacity (quasi-steady state approach) and we have considered a unique mean temperature for the whole collector, including photovoltaic cells and thermal coil. This lumped approach is allowed by the limited temperature increase of the fluid across the collector [27, 28] and by the negligible thermal resistance between the PV cells and the coil. The energy equation reads: where:
E PVT,th = η PVT,th S PVT I sol,PVT (5c)
E PVT,el = η el,PVT S PVT I sol,PVT (5e)
The global solar irradiance on the PVT collector I sol,PVT is a function of the slope (β PVT ) and azimuth (γ PVT ) of the PVT collector. The collector temperature, T PVT , is evaluated through Equations (5b) and (5c), assuming T w,in = T TS . The thermal efficiency, η th,PVT , depends on the coefficients η 0 , α 1 , and α 2 , given by the manufacturer according to the technical standard EN ISO 9806:2017 [29] The water flows across the collector only if the following conditions occur: (i) Presence of solar irradiance ( > 0); (ii) temperature of the collector lower than the maximum allowed value ( < ); (iii) temperature of the collector higher than inlet water temperature ( > , ).
, is assumed equal to the temperature of the water within the thermal storage, . The third condition ensures the heating of the water flow, otherwise the solar collector would act as a dissipator.
If the water flow rate in the PVT collector is nil, the device acts as a standard PV unit and only electrical energy is generated by the module. In this case, we use the following equation to evaluate the photovoltaic cell temperature [30] :
where is the hourly clearness index [31] , evaluated using the data in [18] . Thus, one can evaluate the photovoltaic efficiency and the produced electrical energy using Equations (5e) and (5f).
Control Strategy
The control strategy of the overall system depends on two threshold values:
, , the temperature above which the heating and DHW loads are completely addressed by the thermal storage (Figure 3a) , and , , the temperature below which the heat pump provides thermal energy to reheat the thermal storage to a given set point , (Figure 3c ). For thermal storage temperatures between , , and , , the thermal storage addresses the DHW load, whereas the heat pump addresses the heating load (Figure 3b ). If one of the conditions discussed in Section 2.2.2 occur, the water flow rate from the PVT collector is nil and both the heating and DHW loads must be addressed by the heat pump (Figure 3d ). In summer, the PVT collectors provide thermal energy for the DHW load, reheating the thermal storage, whereas the heat pump, in chiller mode, addresses the cooling load of the building (Figure 3e ). The water flows across the collector only if the following conditions occur: (i) Presence of solar irradiance (I sol > 0); (ii) temperature of the collector lower than the maximum allowed value (T PVT < T MAX PVT ); (iii) temperature of the collector higher than inlet water temperature (T PVT > T w,in ). T w,in is assumed equal to the temperature of the water within the thermal storage, T TS . The third condition ensures the heating of the water flow, otherwise the solar collector would act as a dissipator.
NOCT PVT − 20 800 (6) where K t is the hourly clearness index [31] , evaluated using the data in [18] . Thus, one can evaluate the photovoltaic efficiency and the produced electrical energy using Equations (5e) and (5f).
The control strategy of the overall system depends on two threshold values: T TS,up , the temperature above which the heating and DHW loads are completely addressed by the thermal storage (Figure 3a) , and T TS,down , the temperature below which the heat pump provides thermal energy to reheat the thermal storage to a given set point T TS,set ( Figure 3c ). For thermal storage temperatures between T TS,down , and T TS,up , the thermal storage addresses the DHW load, whereas the heat pump addresses the heating load ( Figure 3b ). If one of the conditions discussed in Section 2.2.2 occur, the water flow rate from the PVT collector is nil and both the heating and DHW loads must be addressed by the heat (Heating mode) 
Multi-objective Optimization Problem for the PVT System

Formulation of the Multi-Objective Optimization Problem
A simple multi-objective optimization problem can be formulated, for the minimization of the global cost of the system and the non-renewable primary energy necessary to meet the building energy demand. Table 2 reports the thermal and electrical demand of the building, which are the same in all the simulation. 
Multi-objective Optimization Problem for the PVT System
Formulation of the Multi-Objective Optimization Problem
A simple multi-objective optimization problem can be formulated, for the minimization of the global cost of the system and the non-renewable primary energy necessary to meet the building energy demand. Table 2 reports the thermal and electrical demand of the building, which are the same in all the simulation. The following two objective functions are chosen:
PrEn nores = f p,el,nores
C TOT represents the total costs at the end of lifetime (τ li f e is equal to 20 years), considering the number of installed PVT collectors, the volume of the thermal storage, the size of the heat pump, and the price of the purchased/sold electrical energy from the grid. PrEn nores represents the annual non-renewable primary energy per building floor surface, S B , using the conversion factor from electrical energy to non-renewable primary energy equal to 2.3, as proposed by EN ISO 52000:2017 [32] . The unitary costs of the various used technologies are reported in Appendix A.
An exhaustive-enumeration technique has been employed to obtain a Pareto frontier between C TOT and PrEn nores . The considered optimization variables and related range of values are: • C]
Regarding the γ PVT values, we have considered the Eastern and Western sides of the roof, for a maximum available surface of 79 m 2 . The latter value also corresponds to the upper bound of the n PVT set (i.e., 50 × 1.58 m 2 ). We do not vary γ PVT and β PVT when n PVT = 0. Globally, we have 5060 configurations to be tested.
Results of the Multi-Objective Optimization Problem for the PVT Collectors
The results of the optimization procedure show that there are 11 solutions on the Pareto frontier, which optimize the objective functions C TOT and PrEn nores . Figure 4 shows the results of the simulations, highlighting the Pareto frontier (red markers) with respect to the suboptimal solutions (blue markers). A reference simulation without PVT collectors is also highlighted (black "x" marker, named non-solar configuration). Figure 4 also shows the solution with the lowest total costs (black rhomboidal marker ID#1) and the one with the lowest non-renewable primary energy requirements (black square marker, ID#11). With respect to the non-solar solution, Figure 4 also shows that all the solutions on the Pareto frontier have lower total costs. The most economical solution (i.e., ID#1) allows a reduction of 12.5% of total costs with respect to the non-solar configuration. Furthermore, thanks to the PVT technology, nearly zero-energy building (i.e., ID#10) and even zero-energy building (i.e., ID#11) are practically achievable (respectively, 8% and 6% of cost savings). To compare the eleven solutions on the Pareto frontier, we introduce the following economic and energetic performance indexes with reference to the non-solar configuration, namely:
• Cost of saved energy (CoSE): Ratio between the installation costs and lifecycle saved energy with respect to the non-solar configuration; • Fraction of energy savings (FES): Percentage increase of energy savings with respect to the non-solar configuration; • Primary energy ratio (PER): Ratio between the useful energy and the net non-renewable primary energy input; • Profitability Index (PI): Ratio between the difference of total costs between the chosen configuration and the non-solar configuration and installation costs for the specific configuration.
The values of the optimization variables and of the energetic and economic indicators of the 11 Pareto points are reported in Table 3 . Table 3 shows that, among the 11 solutions, there is a monotonic relation between and , with the highest profitability index reached for the most economical solution, with 20 PVT panels. This is also related to the smooth profile of total cost as a function of . However, the energy indexes, and , show an opposite trend, encouraging the use of several PVT panels. To compare the eleven solutions on the Pareto frontier, we introduce the following economic and energetic performance indexes with reference to the non-solar configuration, namely: The values of the optimization variables and of the energetic and economic indicators of the 11 Pareto points are reported in Table 3 . Table 3 shows that, among the 11 solutions, there is a monotonic relation between C TOT and PI, with the highest profitability index reached for the most economical solution, with 20 PVT panels. This is also related to the smooth profile of total cost as a function of n PVT . However, the energy indexes, PrEn nores and CoSE, show an opposite trend, encouraging the use of several PVT panels. A unique indication does not exist for both relative and absolute performance indexes, but the choice on the final sizing depends on the investors' financial availability and desired energy targets. Figure 5 shows the TS thermal energy balance and the electrical balance for the eleven configurations on the Pareto frontier. The solar collectors contribute about 40-50% of the DHW energy demand, almost independently from the PVT number. TS is almost not used for heating purposes. With respect to the electrical balance, the increase of PVT collectors causes the reduction of the energy bought from the grid, up to the balance between bought and sold energy.
In the Appendix A, Table A4 reports the detailed values of the thermal and electrical balance terms for the 11 configurations.
Energies 2019, 12, 1582 10 of 22
A unique indication does not exist for both relative and absolute performance indexes, but the choice on the final sizing depends on the investors' financial availability and desired energy targets. Figure 5 shows the TS thermal energy balance and the electrical balance for the eleven configurations on the Pareto frontier. The solar collectors contribute about 40-50% of the DHW energy demand, almost independently from the PVT number. TS is almost not used for heating purposes. With respect to the electrical balance, the increase of PVT collectors causes the reduction of the energy bought from the grid, up to the balance between bought and sold energy.
In the Appendix, Table A4 reports the detailed values of the thermal and electrical balance terms for the 11 configurations.
(a) (b) We analyze here the non-solar configuration and the solution with the lowest total costs and the one with the lowest non-renewable primary energy requirements (ID#1 and ID#11 in Table 3 ), comparing the electrical energy required for the DHW service. See Table 4 : The results show that the electrical energy needed by the heat pump for the DHW service decreases together with the COP. In fact, during summer, the PVT collectors are the main generator, whereas the heat pump is used in winter, with low external temperatures and then low , . Nonetheless, the overall performance coefficient of the system ( _ ) increases, as the energy is provided by the solar collectors. OUT  IN  OUT  IN  OUT  IN  OUT  IN  OUT  IN  OUT  IN  OUT  IN  OUT  IN  OUT  IN  OUT  IN  OUT   #1  #2  #3  #4  #5  #6  #7  #8  #9  #10  #11 EPVT We analyze here the non-solar configuration and the solution with the lowest total costs and the one with the lowest non-renewable primary energy requirements (ID#1 and ID#11 in Table 3 ), comparing the electrical energy required for the DHW service. See Table 4 : The results show that the electrical energy needed by the heat pump for the DHW service decreases together with the COP. In fact, during summer, the PVT collectors are the main generator, whereas the heat pump is used in winter, with low external temperatures and then low COP HP,TS . Nonetheless, the overall performance coefficient of the system, Sys_COP DHW , increases, as the energy is provided by the solar collectors. For the ID#1 and ID#11 solutions, we report in Table 5 the monthly values of the following terms of the thermal and electrical balance:
• For the thermal balance of the thermal storage:
Thermal production from the PVT collectors, E PVT,th Hours of thermal energy production, h PVT,th Equivalent hours of thermal energy production, h PVT,eq,th , where the number of hours of thermal energy production is divided by the nominal thermal capacity of the PVT collector and the number of PVT collectors Thermal efficiency, η PVT,th
Average thermal storage temperature, T TS .
• For the electrical balance:
Electrical energy provided by the PVT collectors, E PVT,el Hours of electrical energy production, h PVT,el Equivalent hours of electrical energy production, h PVT,eq,el , where the number of hours of electrical energy production is divided by the nominal electrical capacity of the PVT collector and the number of PVT collectors Electrical efficiency, η PVT,el Average cell temperature, T PVT .
These results show that the two solutions behave similarly as for the electrical production: The provided electrical energy is different depending on the number of PVT collectors, but the number of equivalent hours, the electrical efficiency, and the cell temperature are quite the same. The system operates as a classical PV system, with a value of annual full-load equivalent hours equal to 1300 in both tests (typical value for Southern Italy). Considering the thermal production, instead, we note that thermal energy does not increase according to the PVT number, but it varies around 4000-5000 kWh/yr without a clear trend. This is due to the conflicting effects of other thermal parameters, such as solar irradiation, thermal storage, and PVT collector temperature (see Equations (5a)-(5g)). First, the higher number of PVT does not increase the thermal production in winter, as the PVT temperature is too low with respect to the TS set-point. Second, increasing the number of PVT collectors tends to increase the temperature of the thermal storage, namely the water temperature entering the PVT system, limiting the production to those hours in which the solar irradiation is sufficiently high to heat up the collector to a proper temperature (see Table 5 ). The high irradiation increases the thermal efficiency in those hours (see again Equations (5a)-(5g) and Table 5 ), but globally the equivalent operating hours decrease. All these opposing effects result in a limited range of the annual thermal production. 
Comparison of the PVT System with the Solution with ST and PV Modules
Methodology
The optimal solutions are compared with a similar system without PVT collectors, having separate ST panels and PV modules. In this case, the production of thermal energy by the solar thermal panels does not depend on the temperature of the photovoltaic cell. The thermal energy production is estimated through the classical models illustrated in technical standards [31, 33] , which read:
where n ST is the number of installed solar thermal panels, each with area S ST , η ST is their efficiency, and T ST,in is equal to the thermal storage temperature (T TS ). The solar irradiance I sol,ST on the ST panel is a function of the slope and azimuth of the panel, β ST and γ ST . For the evaluation of the photovoltaic production and efficiency, Equations (5e), (5f) and (6) Additionally, in this case, we evaluate the total costs and the non-renewable primary energy during lifetime (as defined in Equations (7a) and (7b)) of the configurations with the following variables and related ranges: The maximum slopes of 30 and 60 degrees have been chosen to reduce the number of configurations to be tested. As shown in Section 4.2., we verified that all the solutions on the Pareto frontier do not correspond to these bounds. We do not vary and when = 0, as well as and when = 0. Globally, we have 16,100 configurations to be tested.
Similarly to the PVT case, we assumed that both solar panels and PV modules must be installed either on the Eastern or on the Western side of the roof, for a maximum surface of 79 m . This constraint ensures that the technologies are compared with an equal available space. The slopes of the PV and ST panels can instead be different. The unitary costs of the system are reported in Appendix A.
Results and Comparison
Among the 16,100 configurations of the PV + ST modules, only 3360 respect the constraint on the area. The latter configurations have been compared with the PVT configuration results, seeking the solutions, which show the lowest costs and/or the lowest non-renewable primary energy Additionally, in this case, we evaluate the total costs and the non-renewable primary energy during lifetime (as defined in Equations (7a) and (7b) 
The maximum slopes of 30 and 60 degrees have been chosen to reduce the number of configurations to be tested. As shown in Section 4.2, we verified that all the solutions on the Pareto frontier do not correspond to these bounds. We do not vary γ PV and β PV when n PV = 0, as well as γ ST and β ST when n ST = 0. Globally, we have 16,100 configurations to be tested.
Similarly to the PVT case, we assumed that both solar panels and PV modules must be installed either on the Eastern or on the Western side of the roof, for a maximum surface of 79 m 2 . This constraint ensures that the technologies are compared with an equal available space. The slopes of the PV and ST panels can instead be different. The unitary costs of the system are reported in Appendix A.
Among the 16,100 configurations of the PV + ST modules, only 3360 respect the constraint on the area. The latter configurations have been compared with the PVT configuration results, seeking the solutions, which show the lowest costs and/or the lowest non-renewable primary energy requirements. An optimization procedure based on exhaustive-enumeration for the total analyzed configurations (all PVT simulations and (PV + ST) simulations with the area constraint) has been carried out, using as objective functions C TOT and PrEn nores as defined in Section 3. In this case, 25 solutions have been found to be part of a global Pareto frontier subject to the surface constraint: 24 of them are non-PVT configurations and are the ones with the lowest total costs, whereas the last is a PVT solution, with the lowest non-renewable primary energy requirement. Figure 7 shows the results of the simulations of non-PVT configurations with the area constraint (blue markers), with respect to the PVT collectors results (red markers). The Pareto frontier is highlighted with black markers.
requirements. An optimization procedure based on exhaustive-enumeration for the total analyzed configurations (all PVT simulations and (PV + ST) simulations with the area constraint) has been carried out, using as objective functions and as defined in Section 3. In this case, 25 solutions have been found to be part of a global Pareto frontier subject to the surface constraint: 24 of them are non-PVT configurations and are the ones with the lowest total costs, whereas the last is a PVT solution, with the lowest non-renewable primary energy requirement. Figure 7 shows the results of the simulations of non-PVT configurations with the area constraint (blue markers), with respect to the PVT collectors results (red markers). The Pareto frontier is highlighted with black markers.
Figure 7. Comparison between photovoltaic (PV) + ST configurations and PVT configurations.
The PVT solution on the Pareto frontier is the ID#11 configuration, already discussed in Section 3. Regarding PV+ST configurations, they correspond to systems where the PV modules number is predominant with respect to the solar thermal technology. In Table 6 , we compare the characteristics of the three main Pareto solutions: The overall lowest primary energy configuration (ID#11), the lowest primary energy PV+ST configuration (ID#24A) and the lowest total-cost configuration (ID#1A). The characteristics of the whole Pareto frontier solutions are shown in Table A5 .
The results show that only the PVT technology reaches the ZEB target under the given available solar surface. The separate solution (PV + ST) allows the accomplishment of the NZEB criterion ( < 15 ) with a lower total cost than PVT. Regarding the design parameters, we note that the solutions on the Pareto frontier tend to maximize the PV production and the direct heating of the building through the heat pump, limiting the contribution of the thermal storage. The slope of ST panels is higher than the one found for PV arrays to reduce the optical losses due to the incident angle (see Eq. 9.b) according to the preferred Eastern orientation and increase the specific thermal production per solar panel. All the 24 separate PV + ST solutions on the Pareto frontier are characterized by similar installation and total costs. Primary energy requirements, instead, vary according to the deficit between sold and bought power from the grid. With respect to ID#24A and ID#21 configurations, ID#11 has higher values of functional electrical simulation (FES), but also higher installation costs and lower profitability index. However, a possible lowering of PVT costs is expected in the next future because of the market development and technology spread. Thus, the identified energy-optimal solution (ID#11) should present values closer to the cost-optimal ones. The PVT solution on the Pareto frontier is the ID#11 configuration, already discussed in Section 3. Regarding PV+ST configurations, they correspond to systems where the PV modules number is predominant with respect to the solar thermal technology. In Table 6 , we compare the characteristics of the three main Pareto solutions: The overall lowest primary energy configuration (ID#11), the lowest primary energy PV+ST configuration (ID#24A) and the lowest total-cost configuration (ID#1A). The characteristics of the whole Pareto frontier solutions are shown in Table A5 .
The results show that only the PVT technology reaches the ZEB target under the given available solar surface. The separate solution (PV + ST) allows the accomplishment of the NZEB criterion (PrEn nores < 15 kWh m 2 yr ) with a lower total cost than PVT. Regarding the design parameters, we note that the solutions on the Pareto frontier tend to maximize the PV production and the direct heating of the building through the heat pump, limiting the contribution of the thermal storage. The slope of ST panels is higher than the one found for PV arrays to reduce the optical losses due to the incident angle (see Equation (9b)) according to the preferred Eastern orientation and increase the specific thermal production per solar panel.
All the 24 separate PV + ST solutions on the Pareto frontier are characterized by similar installation and total costs. Primary energy requirements, instead, vary according to the deficit between sold and bought power from the grid. With respect to ID#24A and ID#21 configurations, ID#11 has higher values of functional electrical simulation (FES), but also higher installation costs and lower profitability index. However, a possible lowering of PVT costs is expected in the next future because of the market development and technology spread. Thus, the identified energy-optimal solution (ID#11) should present C TOT values closer to the cost-optimal ones. Table 7 shows the various terms of the thermal and electrical balances. The installation of ST collectors (ID#1A) reduces the electrical energy required by the heat pump (HP) to address the DHW service, but also reduces the power production by the PV arrays, limiting the feeding into the power grid and increasing the power purchasing. At equal solar surface, the PV-HP coupling is an efficient solution to meet the thermal loads, also leaving an electrical surplus to be sold. In this perspective, the PVT technology does not limit the space for electrical production, also allowing the thermal production when the temperature and irradiation conditions are favorable. The installation of PVT collectors represents a better choice if one wants to maximize the provided energy by the system using the same installation area. 
Conclusions and Future Works
In the present work, we applied a simulation-based optimization methodology to a nearly zero-energy building, a farm hostel in Italy, using simplified literature and in-house models to reproduce the thermal and energetic behavior of the entire system (building and system components). In particular, we focused on PVT collectors, a promising technology that can produce both electrical and thermal energy. The results confirm that, through the simulation-based optimization, it is possible to achieve an effective design of the solar technologies and ancillary equipment (i.e., thermal storage), which leads to a reduction of total costs during the lifecycle and significant energy savings (up to almost 100%), with respect to a non-solar solution. In the considered equipment layout, the system favors the production of electrical energy, while the production of solar thermal energy only occurs in summer and it is almost totally used to meet one-half of the yearly DHW requirements. This can be due to the presence of a single thermal storage that must be always maintained to a suitable temperature for DHW (i.e., greater than 50 • C), thus limiting the possible contribution of the solar modules during the coldest period of the year. In any case, the analysis has proven the potential of the PVT as a cost-beneficial solution for NZEB as all the solutions on the Pareto frontier present favorable values of both the CoSE and PI indexes: For instance, it is possible to save almost 43% of the non-renewable primary energy with a corresponding profitability index of about 30% (see Table 3 ). We showed that the PVT technology could meet the requirements of nearly zero-energy buildings even with a cost decrease of 7% with respect to the non-solar technology. Also, the paramount aim of a zero-energy building results in a viable achievement, with a smaller cost saving (4%).
A comparison with a traditional solution with separate photovoltaic modules and solar thermal collectors has also been performed, using the surface available on the roof as the constraint on the maximum allowed solar area. The results of this comparison show that both hybrid and separate solutions tend to use the maximum allowed surface (about 80 m 2 ) mainly for electrical production. The installation of PVT collectors leads to a higher reduction of the non-renewable primary energy requirements as higher thermal energy production is associated to a similar production of electrical energy, but higher installation costs are needed. These results are strongly affected by the assumed unitary cost for the different technologies, thus future works will deal with a sensitivity analysis at different cost scenarios. Additionally, we will apply the methodology shown in this work to verify the energy and economic viability of PVT collectors under possible future economic scenarios and in other system configurations, e.g., using different thermal storage temperature levels for DHW and heating, connected to low temperature terminals with appropriate dynamic modeling and control [34] .
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Appendix A
In this appendix we report the main characteristics of the analyzed system and additional results of the multi-objective optimization problem for the PVT and PV + ST systems. The building envelope is characterized by the following parameters: The main characteristics of the energy system are reported in Table A1, Table A2, and Table A3 . For more details, see [25] . Table A4 shows the thermal and electrical energy balance of the 11 PVT configurations on the Pareto frontier in Figure 4 . Table A5 . reports the main technical and economical parameters of the 25 configurations on the Pareto frontier in Figure 7 . Table A4 . Terms of the thermal and electrical balance for the 19 solutions on the Pareto front. The non-solar configuration is also reported. 
